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A B S T R A C T
Using new and archival radio data, we have measured the proper motion of the black 
hole X-ray binary V404 Cyg to be 9.2 ±  0 .3m asyr-1 . Combined with the systemic 
radial velocity from the literature, we derive the full three-dimensional heliocentric 
space velocity of the system, which we use to calculate a peculiar velocity in the range 
47-102 km s-1 , with a best fitting value of 64km s- 1 . We consider possible explanations 
for the observed peculiar velocity, and find tha t the black hole cannot have formed 
via direct collapse. A natal supernova is required, in which either significant mass 
11M0 ) was lost, giving rise to a symmetric Blaauw kick of up to ~  65km s-1 , 
or, more probably, asymmetries in the supernova led to an additional kick out of 
the orbital plane of the binary system. In the case of a purely symmetric kick, the 
black hole must have been formed with a mass ~  9M C0, since when it has accreted 
0.5-1.5 M 0 from its companion.
K ey  w ords: X-rays: binaries -  astrom etry -  radio continuum: stars -  stars: individual 
(V404 Cyg) -  stars: supernovae: general -  stars: kinematics
1 IN T R O D U C T I O N
T h e  p ro p e r  m o tio n s  o f X -ra y  b in a ry  sy s te m s  c a n  b e  used  
to  d e riv e  im p o r ta n t  in fo rm a tio n  o n  th e  b ir th p la c e s  a n d  fo r­
m a tio n  m ec h an ism s o f th e ir  c o m p a c t o b je c ts . S ince ty p ic a l 
p ro p e r  m o tio n s  a re  o f o rd e r  a  few  m illia rcseco n d s  p e r  y ear, 
h ig h -re so lu tio n  o b se rv a tio n s  a n d  long  tim e  b a se lin es  a re  re ­
q u ire d  to  m e a su re  th e  t ra n s v e rse  m o tio n s  o f su c h  sy s tem s 
acro ss  th e  sky. P ro p e r  m o tio n s  h av e  o n ly  b e e n  m e a su re d  for 
a  h a n d fu l  o f X -ra y  b in a ry  sy s te m s  to  d a te  (M ira b e l e t  al. 
2 0 0 1 , 20 0 2 ; R ib o  e t  al. 20 0 2 ; M ira b e l & R o d rig u e s  2 0 0 3 a ,b ; 
D h a w a n  e t al. 200 6 , 2007), a n d  o n ly  o n e  X -ra y  b in a ry , Sco 
X -1 , h a s  a  m e a su re d  p ro p e r  m o tio n , p a ra lla c tic  d is ta n c e , a n d  
ra d ia l  v e lo c ity  (B ra d sh a w  e t al. 1999 ; C ow ley & C ra m p to n  
1975). W ith  th e  p o s itio n , p ro p e r  m o tio n , ra d ia l  velocity ,
* email: jm iller@ nrao.edu
a n d  d is ta n c e  to  th e  sy s te m , th e  fu ll th re e -d im e n s io n a l sp ace  
v e lo c ity  o f  th e  sy s te m  c a n  b e  d e riv ed . A lo n g  w ith  sy s te m  
p a ra m e te rs  su c h  as th e  c o m p o n e n t m asses, o rb i ta l  p e rio d , 
d o n o r  te m p e ra tu r e  a n d  lu m in o sity , th e se  p a ra m e te rs  m ay  
b e  used  to  re c o n s tru c t  th e  fu ll e v o lu tio n a ry  h is to ry  o f th e  
b in a ry  sy s te m  b a ck  to  th e  t im e  o f c o m p a c t o b je c t  fo rm a ­
tio n , as d o n e  for th e  sy s te m s  G R O  J  1655-40 (W illem s e t  al. 
2005) a n d  X T E  J  1 1 1 8 + 4 8 0  (F rag o s e t  al. 2007).
B y  s tu d y in g  th e  d is t r ib u t io n  o f b lac k  h o le  X -ra y  b in a ry  
v e lo c ities  w ith  c o m p a c t o b je c t  m asses, w e c a n  d e riv e  co n ­
s t r a in ts  o n  th e o re tic a l  m o d e ls  o f b lac k  ho le  fo rm a tio n  (e.g. 
F ry e r & K a lo g e ra  2001 ). T h e  tw o  m o st c o m m o n  th e o re tic a l 
scen ario s  for c re a tin g  a  b lac k  ho le  involve e ith e r  a  m assiv e  
s t a r  co llap sin g  d ire c tly  in to  a  b lac k  h o le  w ith  v e ry  l i t t le  o r  
n o  m ass e je c tio n , o r  d e lay ed  fo rm a tio n  in  a  su p e rn o v a , as 
fa llb ack  o n to  th e  n e u tro n  s ta r  o f m a te r ia l  e je c te d  d u r in g  
th e  e x p lo s io n  c re a te s  th e  b lac k  hole. In  th e  l a t t e r  case, con-
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s t r a in ts  o n  th e  m a g n itu d e  a n d  s y m m e try  o f an y  n a ta l  k ick  
c a n  a lso b e  d e riv ed . W h e n  th e  p r im a ry  s ta r  reach es  th e  end  
o f  i ts  life a n d  ex p lo d e s  as a  su p e rn o v a , th e  c e n tre  o f m ass  o f 
th e  e je c te d  m a te r ia l  c o n tin u e s  to  m ove w ith  th e  v e lo c ity  th e  
p ro g e n ito r  h a d  im m e d ia te ly  b e fo re  th e  ex p lo s io n . T h e  c en ­
t r e  o f m ass  o f th e  b in a ry  sy s te m  th e n  reco ils  in  th e  o p p o s ite  
d irec tio n . S u ch  a  k ick  (B laau w  1961) is th u s  c o n s tra in e d  
to  lie in  th e  o rb i ta l  p lan e . In  a d d it io n , in  th e  p re sen c e  of 
a sy m m e tr ie s  in  th e  su p e rn o v a  ex p lo s io n , a  fu r th e r ,  a sy m ­
m e tr ic , k ick , w h ich  n eed  n o t  b e  in  th e  o rb i ta l  p la n e , m ay  b e  
im p a r te d  to  th e  b in a ry  (see, e .g ., B r a n d t  & P o d s iad lo w sk i 
19 9 5 ; P o rte g ie s  Z w a rt & Y u n g e lso n  1998; L ai e t  al. 2 0 0 1 , 
fo r m o re  d e ta ile d  overv iew s). W h ile  p u ls a r  p ro p e r  m o tio n s  
(L y n e  & L o rim e r 1994) a n d  th e  h ig h  e cc en tr ic itie s  o f B e /X -  
ra y  b in a r ie s  p ro v id e  s tro n g  ev id en ce  fo r a sy m m e tr ic  k icks 
in  n e u tro n  s ta r  fo rm a tio n  (v a n  d e n  H eu v el & v a n  P a ra d ijs  
19 9 7 ; v a n  d e n  H eu v el e t  al. 2000), less a t te n t io n  h a s  b een  
p a id  to  b lack  ho le  b in a ry  sy s tem s. In  tw o  o f th e  b lac k  ho le  
X -ra y  b in a r ie s  w ith  som e o f th e  b e s t  o b se rv a tio n a l c o n ­
s t r a in ts  o n  th e  sy s te m  p a ra m e te rs ,  X T E  J  1 1 1 8 + 4 8 0  an d  
G R O  J1655-40 , th e re  is ev id en ce  fo r a n  a sy m m e tr ic  s u ­
p e rn o v a  k ick  (G u a la n d r is  e t  al. 20 0 5 ; W illem s e t  al. 2005). 
T h e re  is a lso  som e ev id en ce  su g g e stin g  a n  a sy m m e tr ic  k ick  
in  G R S  19 1 5 + 1 0 5  (D h a w a n  e t al. 2007), a lth o u g h  in  t h a t  
case  th e  u n c e r ta in ty  in  th e  d is ta n c e  to  th e  sy s te m  p re ­
c lu d e s  th e  d e r iv a tio n  o f s tro n g  c o n s tra in ts  o n  th e  k ick  v e ­
locity . H ow ever, th e  b lac k  ho le  in  C y g n u s X -1 is in fe rred  
to  h av e  fo rm ed  v ia  d ire c t co llap se  (M ira b e l & R o d rig u es  
2 0 0 3 a ). M o re  b lac k  h o le  so u rces  n eed  to  b e  s tu d ie d  to  m e a ­
su re  b lac k  ho le  k ick s a n d  in v e s tig a te  c o n se q u en t fo rm a tio n  
m ec h an ism s  in  o rd e r  to  c o n s tra in  th e o re tic a l  m o d e ls  o f b lack  
h o le  fo rm a tio n .
1 .1  V 4 0 4  C y g
V 404  C yg  is a  d y n a m ic a lly -c o n firm e d  b lac k  h o le  X -ray  
b in a ry  sy s te m , w ith  a  m ass  fu n c tio n  o f 6 .08 ±  0.06M q  
(C a sa re s  & C h a rle s  1994). T h e  sy s te m  c o m p rise s  a  b lack  
h o le  a c c re to r  o f m ass 1 2 -2 M q  (S h a h b a z  e t al. 1994) in  a
6 .5 -d  o rb i t  w ith  a  0 .7 -0 '.2M q  K 0  IV  s t r ip p e d  g ia n t s ta r  
(C a sa re s  e t  al. 1993; K in g  1993). T h e  o rb it  is h ig h ly  c ircu la r, 
w ith  a n  e c c e n tr ic ity  o f e <  3 x  10 - 4 , in  a g re e m e n t w ith  th e  
fa c t t h a t  t id a l  forces ju s t  b e fo re  th e  o n se t o f  m ass tra n s fe r  
sh o u ld  h av e  re c ircu la rised  th e  o rb it  follow ing th e  su p e rn o v a . 
I t s  low  ra d ia l  v e lo c ity  (—0 . 4 ± 2.2 k m s - 1 ; C a sa re s  & C h a rle s  
1994) h a s  b e e n  ta k e n  as e v id en ce  fo r a  sm a ll n a ta l  k ick  
(B ra n d t  e t  al. 1995; N e lem an s e t  al. 1999).
In  th is  p a p e r  we p re se n t m e a su re m e n ts  o f th e  p ro p e r  
m o tio n  o f V 404  C yg , a n d  go o n  to  d e riv e  i ts  fu ll th r e e ­
d im e n s io n a l sp ace  veloc ity , in fer i ts  G a la c to c e n tr ic  o rb it,  
a n d  d iscu ss th e  im p lic a tio n s  fo r th e  fo rm a tio n  o f th e  b lack  
h o le  in  th e  lig h t o f th e  in fe rre d  n a ta l  k ick  fro m  th e  s u p e r ­
nova.
2 O B S E R V A T IO N S  A N D  D A T A  R E D U C T I O N
In  o rd e r  to  in v e s tig a te  th e  p ro p e r  m o tio n  o f th e  sou rce , 
we in te r ro g a te d  th e  V ery  L arg e  A rra y  (V L A ) a rch iv es for 
h ig h -re so lu tio n  o b se rv a tio n s  o f V 404  C yg. W e se lec ted  on ly  
A -c o n fig u ra tio n  o b se rv a tio n s  a t  freq u en c ie s  o f  8.4 G H z an d  
h ig h e r, to  o b ta in  th e  h ig h es t p o ss ib le  a s tro m e tr ic  accu racy .
W e f u r th e r  re s tr ic te d  th e  d a ta s e t  to  o b se rv a tio n s  w h ere  
th e  p h a se  c a l ib ra to r  w as J  2 0 2 5 + 3 3 4 3 , th e  p h a se  re fe ren ce  
so u rce  u se d  in  th e  H ig h  S e n s itiv ity  A rra y  (H S A ) o b se rv a ­
tio n s  o f  M ille r-Jo n e s  e t  al. (2008). S ince  all p o s it io n s  a re  
m ea su re d  re la tiv e  to  th e  p h a se  re fe ren ce  so u rce , o b se rv a tio n s  
u s in g  a  d iffe ren t se c o n d a ry  c a l ib ra to r  w ou ld  p o te n tia l ly  have  
b e e n  s u b je c t  to  a  sy s te m a tic  p o s it io n a l offset.
T h e  V L A  d a ta  w ere re d u ce d  u sing  s ta n d a r d  p ro c e ­
d u re s  w ith in  th e  31D ec08  v e rs io n  o f AIPS (G re isen  2003). 
A  sc r ip t w as w r i t te n  in  P a r s e l T o n g u e , th e  P y th o n  in ­
te rfa c e  to  AIPS, to  a u to m a te  th e  b u lk  o f th e  c a lib ra tio n . 
W e c o rre c te d  th e  d e riv ed  p o s itio n s  for sh ifts  in  th e  a s­
su m e d  c a l ib ra to r  p o s it io n , u sin g  a  re fe ren ce  p o s it io n  of 
20h25m 10S8421050 3 3 °43/0 0 "214430 ( J  2000) fo r th e  c a lib ra ­
to r  so u rce . A ll c o -o rd in a te s  w ere  p recessed  to  J  2000 v a l­
u es  u s in g  th e  AIPS ta s k  UVFIX. U sin g  d a ta  fro m  th e  U S N O  
(h ttp : / /m a ia .u s n o .n a v y .m il /s e r7 /f in a ls 2 0 0 0 A .a l l ) , we c o r­
re c te d  for o ffse ts in  (U T 1 -U T C ), th e  d ifferen ce  b e tw e e n  U n i­
v e rsa l T im e  (U T 1 ) as se t b y  th e  r o ta t io n  o f th e  E a r th  an d  
m e a su re d  b y  v e ry  long  b ase lin e  in te r fe ro m e try  (V L B I), an d  
c o -o rd in a te d  U n iv e rsa l T im e  (U T C ), th e  a to m ic  t im e  (T A I) 
a d ju s te d  w ith  leap  seconds. W h e re  m e a su re d  offse ts w ere 
av a ilab le , w e a lso  c o rre c te d  for sh if ts  in  a n te n n a  p o s itio n s  
u s in g  th e  AIPS ta s k  VLANT. S o u rce  p o s it io n s  w ere m ea su re d  
b y  f itt in g  a n  e ll ip tic a l G a u ss ia n  to  th e  so u rce  in  th e  im ag e  
p lan e , u sing  th e  deco n v o lv ed , p h a se -re fe re n c ed  im ag e  p r io r  
to  a n y  se lf-ca lib ra tio n . T h e  so u rce  w as n o t  re so lv ed  in  any  
o f  th e  im ages. W e a d d e d  a n  e x tr a  p o s it io n a l u n c e r ta in ty  o f 
10 m as  to  th e  m e a su re d  V L A  p o s itio n s , to  a c c o u n t fo r sy s­
te m a tic  u n c e r ta in tie s  in  th e  a s tro m e try . T h e  lis t o f  o b se rv a ­
tio n s  a n d  d e riv ed  so u rce  p o s it io n s  is g iv en  in  T ab le  1.
T h e  d a ta s e t  w as e n h a n c e d  b y  th e  use  o f  tw o  h ig h ­
re so lu tio n  V L B I m e a su re m e n ts  o f th e  so u rce  p o s itio n . W e 
u se d  th e  8 .4 -G H z p o s i t io n  o f M ille r-Jo n e s  e t  al. (2008), an d  
a lso  o b ta in e d  a  seco n d  m e a su re m e n t using  g lo b a l V L B I a t  
22 G H z, u n d e r  p ro p o sa l co d e  G M 064. E ig h t E u ro p e a n  s ta ­
tio n s  (C a m b rid g e , E ffelsberg , Jo d re l l  B a n k  M k ll, M ed ic in a , 
M e tsa h o v i, N o to , O n sa la , a n d  R o b led o ), all t e n  V ery  L ong 
B ase lin e  A rra y  (V L B A ) s ta tio n s ,  th e  p h a se d  V L A  a n d  th e  
G re e n  B a n k  T elesco p e  (G B T ) p a r t ic ip a te d  in  th e  e x p e r i­
m e n t. D a ta  w ere  ta k e n  fro m  21:30:00 UT o n  2008 M ay  31 
u n t i l  16:00:00 UT o n  2008 J u n e  1, w ith  th e  E u ro p e a n  s ta tio n s  
b e in g  o n  so u rce  for th e  f irs t 12 h  o f th e  r u n  (R o b led o  from  
02:20:00 u n t i l  08:45:00 o n  2008 J u n e  1) a n d  th e  N o r th  A m e r­
ic a n  s ta tio n s  for th e  seco n d  12 h  (M a u n a  K e a  fro m  07:30:00, 
w h e n  th e  so u rce  ro se  in  H aw aii). T h e  o v e rlap  tim e , w h en  
b o th  se ts  o f  s ta tio n s  w ere  o n  so u rce , w as 5.5 h . T h e  p h a se  
re fe ren ce  a n d  fringe  fin d er so u rce  w as J  202 5 + 3 3 4 3 . W e o b ­
se rv ed  w ith  a  to ta l  b i t  r a te  o f 512 M b  s - 1 , w ith  a  b a n d w id th  
o f 64 M H z p e r  p o la r iz a tio n . W e o b se rv ed  in  150-s cycles, 
sp e n d in g  1.5 m in  o n  th e  ta r g e t  a n d  1 m in  o n  th e  c a l ib ra ­
to r  in  eac h  cycle. T h e  V L A  w as p h a se d  up  a t  th e  s t a r t  o f 
e ac h  c a l ib ra to r  scan , a n d  w e m a d e  re fe ren ced  p o in tin g  o b ­
se rv a tio n s  w ith  th e  la rg e r  d ish e s  ( th e  V L A , G B T , E ffe lsberg  
a n d  R o b led o ) ev ery  1 -2  h . D a ta  w ere  re d u c e d  u s in g  s ta n d a r d  
p ro c e d u re s  w ith in  AIPS. W e d e te c te d  th e  so u rce  a t  a  sign ifi­
c an ce  level o f  4 .7 a .
© 2008 RAS, M NRAS 000 , 1-10
Black hole form ation in  V404 Cyg 3
Code Date MJD Error Config. Frequency RA Error Dec Error
(d) (GHz) (sec) (arcsec)
AH348 1990 Feb 16 47938.71 0.18 A 14.94
AH385 1990 Mar 08 47958.70 0.12 A 14.94
AH390 1990 Mar 25 47975.55 0.09 A 8.44
AH424 1991 Sep 25 48525.03 0.05 AB 14.94
AH424 1991 Sep 25 48525.04 0.05 AB 8.44
AH424 1992 Oct 20 48916.03 0.07 A 14.94
AH424 1992 Oct 20 48916.04 0.07 A 8.44
AH390 1993 Jan 28 49015.68 0.04 AB 14.94
AH390 1993 Jan 28 49015.68 0.02 AB 8.44
AH641 1998 May 04 50937.60 0.04 A 8.46
AH669 1999 Jul 04 51363.41 0.01 A 8.46
AH669 1999 Jul 13 51372.37 0.01 A 8.46
AH669 1999 Jul 26 51385.30 0.01 A 8.46
AH669 1999 Aug 22 51412.18 0.01 A 8.46
AH669 1999 Sep 01 51422.21 0.01 A 8.46
AH669 1999 Sep 04 51426.02 0.01 A 8.46
AH669 2000 Oct 20 51837.33 0.01 A 8.46
AR476 2002 Feb 03 52308.69 0.01 A 8.46
AR476 2002 Mar 01 52334.54 0.01 A 8.46
AH823 2003 Jul 29 52849.30 0.29 A 8.46
BG168 2007 Dec 02 54436.84 0.09 HSA 8.42
GM064 2008 May 31 54618.42 0.25 Global 22.22
20h24m03?82854 0.00085 25
c
33 02 '0348 0.0103
20h24m03?82896 0.00083 33° 52 02 '0379 0.0102
20h24m 03? 82865 0.00081 33° 52 02 '0439 0.0101
20h24m 03? 82733 0.00276 33° 52 01 '9563 0.0235
20h24m 03? 82321 0.00148 33° 52 02 '0143 0.0136
20h24m 03? 82752 0.00096 33° 52 02 '0208 0.0122
20h24m 03? 82673 0.00084 33° 52 02 '0196 0.0105
20h24m 03? 82779 0.00222 33° 52 01 ' 9964 0.0173
20h24m 03? 82427 0.00219 33° 52 02 ' 0317 0.0158
20h24m03?82493 0.00086 33° 52 01 ' 9820 0.0109
20h24m03?82479 0.00144 33° 52 01 ' 9721 0.0156
20h24m03?82431 0.00115 33° 52 01 ' 9984 0.0143
20h24m03?82508 0.00260 33° 52 01 ' 9470 0.0343
20h24m03?82443 0.00163 33° 52 01 ' 9429 0.0176
20h24m03?82417 0.00152 33° 52 02 ' 0063 0.0207
20h24m03?82397 0.00194 33° 52 01 '9464 0.0188
20h24m03?82718 0.00595 33° 52 01 ' 9676 0.0405
20h24m03?82325 0.00088 33° 52 01 ' 9481 0.0108
20h24m03?82586 0.00257 33° 52 01 ' 9457 0.0224
20h24m03?82440 0.00101 33° 52 01 ' 9317 0.0120
20h24m03?82129 0.000010 33° 52 01 ' 8993 0.0003
20h 24m03?821082 0.000009 33° 52 01 ' 8957 0.0001
T a b le  1. Sum m ary of th e  VLA and VLBI observations. T he errors on th e  M JD  values a re  taken  as half th e  length of th e  observation. The 
quoted positional errors for th e  VLA observations are  th e  sum  in q u ad ra tu re  of th e  sta tis tica l errors and a system atic uncertain ty  of 10 mas. 
All co-ordinates a re  for epoch J2000. T he coord inate  system  is based on th e  assum ed position of th e  calib ra to r source J 2025+3343, taken 
to  be  (J  2000) 20h25m 10?8421050(224) 33°43/00/./ 21443(42). T he HSA and global VLBI observations have been corrected for parallax, 
assum ing a  source distance of 4kpc , and accounting for th e  uncertain ty  in th e  parallax  when calculating th e  positional error bars.
3 R E S U L T S
Fig . 1 show s th e  m e a su re d  R ig h t A scen sio n  a n d  D e c lin a tio n  
as a  fu n c tio n  o f tim e , over th e  ~  20 y ea rs  s ince  th e  1989 
o u tb u r s t  o f V 404  C yg. T h e  b e s t  f i t t in g  p ro p e r  m o tio n s , in  
R ig h t A scen sio n  a n d  D e c lin a tio n  re sp ec tiv e ly , a re
ßa cos S =  - 4 .9 9  ±  0.19 m as  y 
ßs =  - 7 .7 6  ±  0.21 m as y -
(1)
(2)
T h u s  th e  t o ta l  p ro p e r  m o tio n  is p  =  9.2 ±  0.3 m as  y - 1 . A ll 
u n c e r ta in t ie s  a re  68 p e r  c e n t co n fid en ce  lim its , a n d  un less 
o th e rw ise  n o te d  we w ill h e n c e fo r th  q u o te  1 a  e r ro r  b a rs  on  
a ll m e a su re m e n ts .
T h e  fit g ives a  re fe ren ce  p o s i t io n  (p rio r to  c o rre c tin g  for 
th e  e ffects o f  th e  u n k n o w n  p a ra lla x )  o f  20 h24m0 3 .82177(2) 
3 3 °52/ 01"9088(3) ( J  2000) o n  M JD  54000.0, fro m  w h ich  we 
c a n  u se  th e  p ro p e r  m o tio n  to  d e te rm in e  th e  p re d ic te d  p o si­
t io n  a t  an y  fu tu re  tim e .
3 .1  C o n v e r t in g  to  G a la c tic  S p a c e  V e lo c ity  
c o -o r d in a te s
W ith  th e  sy s te m ic  ra d ia l  v e lo c ity  o f - 0 . 4  ±  2 .2 k m s -1  
m e a su re d  fro m  o p tic a l H a  s tu d ie s  (C a sa re s  & C h a rle s  
1994), we c a n  c a lcu la te , for a  g iv en  so u rce  d is ta n c e , 
th e  fu ll th re e -d im e n s io n a l sp ace  v e lo c ity  o f th e  sy s tem . 
T h e  b e s t  c o n s tra in t  o n  th e  so u rce  d is ta n c e  is 4 .0 -1  ' 2 k p c  
(Jo n k e r  & N e lem an s 2004). U sin g  th e  t r a n s fo rm a tio n s  of 
Jo h n s o n  & S o d e rb lo m  (1987), a n d  th e  s t a n d a r d  so la r  m o ­
t io n  o f (U© =  10.0 ±  0.36, V© =  5.25 ±  0.62, W© =  
7.17 ±  0.38) k m s -1  (D e h n e n  & B in n ey  1998), we c a n  co m ­
p u te  th e  h e lio c en tric  G a la c tic  sp a c e  v e lo c ity  c o m p o n e n ts  U , 
V  a n d  W  (d efin ed  as U  p o s itiv e  to w a rd s  th e  G a la c tic  C e n ­
t re ,  V  p o sitiv e  to w a rd s  l =  90°, a n d  W  p o s itiv e  to w a rd s  th e
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F ig u r e  1. Top panel: M easured R ight Ascension as a  function of 
tim e, from 1990 to  2007. B ottom  panel: D eclination as a  function 
of tim e. T he do tted  lines a re  th e  best fitting  proper m otions, 
/j,a =  ( -4 .9 9  ±  0.19) X 10- 4 se c y -1  in R.A. and jUg =  ( -7 .7 6  ±  
0.21) m as y - 1 in Dec.. T he black dots are  th e  VLA 8.4 GHz points 
and th e  light grey triangles a re  th e  15-GHz VLA m easurem ents. 
T he dark  grey squares labelled ‘H ’ and ‘G ’ a re  from th e  8.4-GHz 
HSA observations of M iller-Jones e t al. (2008) and th e  22-GHz 
global VLBI observations reported  in th is  paper, respectively
N o r th  G a la c tic  P o le ). T h e  d e r iv e d  sy s te m  p a ra m e te rs  a re  
g iv en  in  T ab le  2.
F o r a  g iven  d is ta n c e , th e  e x p e c te d  v a lu es o f  U  a n d  V  
c a n  b e  c a lc u la te d , a ssu m in g  th e  so u rce  p a r t ic ip a te s  in  th e  
G a la c tic  ro ta t io n .  R e id  & B ru n th a le r  (2004) d e te rm in e d  th e  
a n g u la r  r o ta t io n  r a te  o f th e  L S R  a t  th e  S u n , © 0/ R 0 =  
29.45 ±  0 .1 5 k m s -1  k p c - 1 . A ssu m in g  a  G a la c to c e n tr ic  d is ­
ta n c e  o f 8 .0  k p c  (R e id  1993), th is  im p lies  a  c irc u la r  ve loc­
i ty  o f  236 k m s - 1 . F o r c irc u la r  r o ta t io n  a b o u t  th e  G a lac tic  
C e n tre , th e  W  c o m p o n e n t o f  th e  v e lo c ity  is e x p e c te d  to  b e
m 1.95
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Param eter Value
G alactic longitude l 
G alactic la titu d e  b 
D istance d (kpc)
System ic velocity 7  (k m s- 1 ) 
P roper m otion ^ a cos <5 (m as y - 
P roper m otion (m a sy - 1 )
U (k m s- 1 )
V (k m s- 1 )
W  (k m s- 1 )
U -  <  U >  (k m s- 1 )
V -  <  V >  (k m s- 1 )
W -  <  W  >  (k m s- 1 ) 
vpec (k m s- 1 )
73.12e 
-2.09°
4 .o t? ;°
- 0 .4  ±  2.2 
-4 .9 9  ±  0.19 
-7 .7 6  ±  0.21 
177.1 ±  3 .8-50 '. 2
-4 6 .1  ±  2.4-25 '. 5
0.2 ±  3 .7 -3  .5
62.0—0+39 . 4  17 . 4 
- 1 6 .1+6'5-0 . 0 
2+2 .1 
2- 3  5
64.1 ±  3.7+16 '. 6
0.2—
T a b le  2. M easured and derived param eters. U , V and W  are 
th e  G alactic space velocity com ponents in th e  d irection of th e  
G alactic C entre, I =  90° and b =  90° respectively. T he first set 
of error bars accounts for uncertain ties in th e  m easured space 
velocities only, and th e  second takes into account th e  d istance 
uncertainty. U -  < U > ,  V -  < V >  and W  -  <  W  >  are  th e  dis­
crepancies from  th e  velocities th a t  would be expected for Galactic 
ro ta tion . Sum m ing these discrepancies in q u ad ra tu re  gives th e  pe­
culiar velocity, Vpec. T he m ajo r source of error in these  values is 
th e  distance uncertainty.
zero . A s d o n e  by  D h a w a n  e t al. (2007) fo r G R S  1915+ 105 , 
w e c a n  tra n s fo rm  th e  m e a su re d  v a lu es o f U  a n d  V  in to  ra d ia l 
a n d  c irc u la r  v e lo c ities  a b o u t  th e  G a la c tic  C e n tre , e x p e c te d  
to  b e  vrad =  0 k m s -1  a n d  vcirc =  236 k m s - 1  resp ec tiv e ly . 
F ig . 2 show s th e  d e r iv e d  ra d ia l,  c irc u la r  a n d  W  v e lo c ities  
a n d  th e  p e c u lia r  v e lo c ity  o f V 404  C yg. T h e  p e c u lia r  ve loc­
ity  is d e fin ed  to  b e  th e  d ifferen ce  b e tw e e n  th e  m e a su re d  3­
d im e n s io n a l sp ace  v e lo c ity  a n d  t h a t  e x p e c te d  fo r a  sou rce  
p a r tic ip a tin g  in  th e  G a la c tic  ro ta t io n ,
— (vrad +  (vcirc — 2 3 6 )2 +  W 2)2\ 1/2 (3)
F o r th e  ra n g e  o f d is ta n c e s  fo u n d  by  Jo n k e r  & N e lem an s 
(2004), 2 .8 -6 .0 k p c , i t  is c le a r  t h a t  th e  p e c u lia r  v e lo c ity  is 
n o n -zero . W e d e riv e  a  v a lu e  o f vpec =  64.1 ± 3.7+16 ’ 6 k m s - 1 , 
w h ere  th e  f irs t e r ro r  b a r  a c c o u n ts  fo r s ta t is t ic a l  e r ro r  in  th e  
sp ace  ve lo c ities , a n d  th e  seco n d  fo r th e  d is ta n c e  u n c e r ta in ty . 
T h e  p re d o m in a n t  c o m p o n e n t o f th e  p e c u lia r  v e lo c ity  is r a ­
d ia l, w ith  a  c irc u la r  v e lo c ity  s lig h tly  fa s te r  t h a n  e x p e c te d , 
a n d  a  v e lo c ity  o u t  o f th e  G a la c tic  p la n e  c o n s is te n t w ith  zero .
4 T H E  O R B IT A L  T R A J E C T O R Y  IN  T H E  
G A L A C T IC  P O T E N T IA L
F ro m  th e  k n o w n  so u rce  p o s it io n  a n d  th e  m e a su re d  sp a tia l  
v e lo c ity  c o m p o n e n ts , we c a n  in te g ra te  b a ck w a rd s  in  tim e  
to  c o m p u te  th e  o rb i ta l  t r a je c to r y  o f th e  sy s te m  in  th e  p o ­
te n t ia l  o f th e  G a laxy . U sin g  a  f if th -o rd e r  R u n g e -K u tta  a l­
g o r i th m  (P re ss  e t  al. 1992) to  p e rfo rm  th e  in te g ra t io n , we 
c o m p a re d  th e  p re d ic tio n s  o f sev e ra l d iffe ren t m o d e ls  for th e  
G a lac tic  p o te n t ia l  (C a r lb e rg  & In n a n e n  1987, u s in g  th e  re ­
v ised  p a ra m e te rs  o f K u ijk e n  & G ilm o re  1989; P aczy n sk i 
1990 ; J o h n s to n  e t al. 1995 ; W olfire  e t  al. 1995; F ly n n  e t al. 
1996 ; d e  O liv e ira  e t  al. 2002), a ll u s in g  som e c o m b in a tio n  
o f one  o r m o re  d isc , sp h e r ic a l b u lg e  a n d  h a lo  co m p o n e n ts .
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
Distance (kpc)
F ig u r e  2. Derived G alactocentric  velocities of V404 Cyg, as a 
function of source distance. (a) shows th e  radia l velocity, vrad , 
(b) shows th e  c ircular velocity, vc;rc , (c) shows th e  velocity ou t of 
th e  G alactic plane, W , and (d) shows th e  peculiar velocity, Vpec, 
i.e. th e  difference from th e  values expected for a  source pa rtic i­
pa ting  in th e  G alactic ro ta tion . D otted  lines show th e  expected 
values of 0 k m s - 1 for th e  radial, W  and peculiar velocities, and 
236k m s -1  for th e  c ircular velocity. E rro r bars only account for 
uncertain ties in th e  space velocity com ponents, assum ing zero er­
ro r on th e  distance a t  each p lo tted  point.
A  re p re se n ta t iv e  o rb i t  re c o n s tru c tio n  u s in g  th e  m o d e l o f 
J o h n s to n  e t al. (1995) is sh o w n  in  F ig . 3. W h ile  th e  e rro rs  
in  th e  sp ace  v e lo c ity  c o m p o n e n ts  m ak e  l i t t le  d ifferen ce  to  
th e  c o m p u te d  o rb i ta l  t r a je c to r y  for a  g iv en  m o d e l, th e  u n ­
c e r ta in ty  in  th e  d is ta n c e  h a s  m u ch  m o re  o f a n  effect. F ig . 4 
c o m p a re s  th e  t ra je c to r ie s  c o m p u te d  fo r 2.8, 4 .0  a n d  6.0 k pc , 
th e  low er, m e a n  a n d  u p p e r  b o u n d s  to  th e  p o ss ib le  ra n g e  of 
d is ta n c e s . A  la rg e r  so u rce  d is ta n c e  im p lies  a  m o re  e ll ip ti­
c a l o rb i t ,  w h ich  re ac h es  f u r th e r  fro m  th e  G a la c tic  C e n tre  a t  
a p o g a lac tic o n .
C o m p a rin g  th e  d iffe ren t m o d e ls  for th e  G a la c tic  p o te n ­
tia l ,  we fin d  t h a t  th e  p re d ic te d  o rb i ta l  t r a je c to r ie s  in  th e  
G a la c tic  p la n e  b e g in  to  d iv e rg e  s ig n ifican tly  a f te r  o n ly  2 5 -  
3 0 M y r. In  th e  p e rp e n d ic u la r  d ire c tio n , th e  p re d ic tio n s  d i­
ve rg e  ev en  fa s te r ,  w ith in  2 -3  M yr. G iv en  th e  u n c e r ta in ty  in  
th e  so u rce  d is ta n c e  a n d  G a la c tic  p o te n tia l ,  i t  is c lea rly  im ­
p o ss ib le  to  in te g ra te  b a c k  in  t im e  over 0 .4 -0 .8 G y r  (S ec tio n  
5) to  lo ca te  th e  b ir th p la c e  o f th e  sy s tem . H ow ever, fo r a  
g iv en  so u rce  d is ta n c e , we c a n  av erag e  over th e  en sem b le  o f 
m o d e l p re d ic tio n s  to  d e riv e  som e g en eric  p ro p e r t ie s  o f  th e  
o rb it.  T h e  e c c e n tr ic ity  e, se m i-m a jo r  ax is  a , a n d  th e  dis-
vpec
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F ig u r e  3. T he com puted orb it of V404 Cyg over th e  last 1 Gyr, using th e  G alactic p o ten tia l of Johnston  e t al. (1995) and assum ing 
a curren t source distance of 4 .0kpc. In (a), (b) and (c), th e  greyscale is a  logarithm ic represen tation  of th e  G alactic m ass density 
(M© kpc- 3 ), th e  black line denotes th e  com puted orb it for th e  best fitting  space velocities and positions, and th e  w hite trace  indicates 
th e  error due to  uncertain ty  in th e  space velocity com ponents. For clarity, th e  effect of th e  d istance uncertain ty  is not shown (see Fig. 4 ). 
Panels (d) and (e) are  a  zoom ed-in version of th e  x—z and y—z planes respectively (x, y and z defined as th e  directions I =  0°, I =  90°, 
b =  90° respectively), w ith th e  black line indicating  th e  best-fitting  tra jec to ry  and th e  grey trace  once again indicating  th e  spread due 
to  uncertain ty  in th e  m easured space velocities only. In all panels, th e  cross m arks th e  G alactic C entre, and th e  open circle and triang le  
m ark th e  curren t positions of th e  Sun and V404 Cyg respectively
ta n c e s  o f  th e  ap sid es , r max a n d  r min, for th e  m o tio n  in  th e  
G a la c tic  p lan e , th e  m a x im u m  h e ig h t re a c h e d  ab o v e  o r b e ­
low  th e  p lan e , z max, a n d  th e  m in im u m  a n d  m a x im u m  values 
o f th e  p e c u lia r  veloc ity , vpec,min a n d  vpec,max, a re  g iv en  in  
T ab le  3.
W e c a n  c o m p a re  th e se  v a lu es w ith  th o se  o f th e  th ic k  
a n d  th in  d isk  p o p u la tio n s . B in n e y  & M errifie ld  (1998 ) give 
th e  v e lo c ity  d isp e rs io n s  in  th e  ra d ia l,  a z im u th a l a n d  v e r tic a l 
d ire c tio n s  (re la tiv e  to  th e  G a la c tic  p lan e ) for b o th  s te lla r  
p o p u la tio n s , b a se d  o n  th e  d a ta  o f  E d v a rd s so n  e t  al. (1993), 
fo r s ta r s  w ith in  80 p c  o f th e  S u n . A  se t o f M o n te  C a rlo  s im ­
u la t io n s  e s ta b lish e d  t h a t  th e  ty p ic a l  p la n a r  e cc en tr ic itie s  o f 
th e  th in  a n d  th ic k  d isk  p o p u la t io n s  w ere  0.12 ±  0.06 a n d  
0.29 ±  0.15 re sp ec tiv e ly , w h ile  th e  ty p ic a l m a x im u m  h e ig h t 
re a c h e d  ab o v e  th e  p la n e  w as 0 .17 ±  0 .14 a n d  0.56 ±  0.61 kpc  
re sp ec tiv e ly . U n less  V 404  C y g  is a t  th e  m a x im u m  p o ss ib le  
d is ta n c e , i t  is likely  to  h av e  o r ig in a te d  as a  m e m b e r o f  th e  
th in  d isk  p o p u la t io n  (as a lso  su g g e ste d  by  th e  age, m e ta llic -
i ty  a n d  c o m p o n e n t m asses o f th e  s y s te m ) , a n d  rece iv ed  som e 
so r t  o f  k ick  w h ich  in c re ased  th e  p la n a r  e c c e n tr ic ity  a n d  th e  
c o m p o n e n t o f  v e lo c ity  o u t  o f th e  G a la c tic  p lan e .
5 T H E  P E C U L I A R  V E L O C IT Y
T h e  c u r re n t  p e c u lia r  v e lo c ity  o f th e  sy s te m  is 64.1 ±  
3 .7 -16 ' 6 k m s - 1 . H ow ever, ow ing to  i ts  o rb i t  in  th e  G a la c ­
tic  p o te n tia l ,  th is  is n o t  a  c o n se rv ed  q u a n tity . F o r a  d is ta n c e  
o f 4 k p c , we fin d  t h a t  th e  p e c u lia r  v e lo c ity  v a rie s  b e tw e e n  39 
a n d  7 9 k m s -1  (see T ab le  3 a n d  F ig . 5 ) . W e go o n  to  e x am in e  
p o te n t ia l  e x p la n a tio n s  fo r th is  p e c u lia r  velocity .
5 .1  S y m m e tr ic  su p e r n o v a  k ick
I f  i t  fo rm ed  w ith  a  n a ta l  su p e rn o v a , th e  sy s te m  c a n  receive  
a  B laa u w  k ick  (B laau w  1961), w h e reb y  th e  b in a ry  reco ils  to
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F ig u r e  4 . T he effect of th e  d istance uncertain ty  on th e  com­
pu ted  G alactocentric  o rb it of V404 Cyg. T rajectories have been 
com puted  for th e  m inim um , best fitting  and m axim um  distances 
derived by Jonker & Nelem ans (2004), using th e  m easured space 
velocities and th e  G alactic po ten tial of Johnston  et al. (1995). For 
each d istance, th e  spread in th e  tra jec to ries  due to  uncertain ties 
in th e  space velocity com ponents has been p lo tted . In all panels, 
th e  cross m arks th e  G alactic C entre, and th e  open circle and t r i ­
angles m ark  th e  curren t positions of th e  Sun and V404 Cyg (at 
its different distances) respectively.
co n se rv e  m o m e n tu m  a f te r  m ass  is in s ta n ta n e o u s ly  e jec ted  
fro m  th e  p rim a ry . F o r th e  b in a ry  to  re m a in  b o u n d  a f te r  th e  
su p e rn o v a , th e  e je c te d  m ass  A M  m u s t  b e  less th a n  h a lf  th e  
to ta l  m ass o f th e  sy s te m . A  m a x im u m  e je c te d  m ass  t r a n s ­
la te s  to  a  m a x im u m  reco il v e lo c ity  o f th e  b in a ry , for w h ich  
a n  e x p ress io n  w as d e r iv e d  b y  N e lem an s  e t al. (1999 ),
213
/ A M \  Í  m  \  /  P r
,M© J  \ W  ~
' \  i  -^re-circ \
I )  J
)
-1 /3
-5/3
k m s (4)
w h ere  M bh  a n d  m  a re  th e  m asses o f  th e  b lac k  h o le  an d  
th e  se c o n d a ry  im m e d ia te ly  a f te r  th e  su p e rn o v a , b e fo re  m ass 
t ra n s fe r  h a s  b e g u n , a n d  P re- circ is th e  p e r io d  o f th e  o r­
b i t  on ce  i t  h a s  re c ircu la r iz ed  follow ing th e  su p e rn o v a , re-
D istance 2.8 kpc 4.0 kpc 6.0 kpc
rmax (kpc) 9.8 ±  0.4 11.7 ±  0.7 20.2 ±  4.4
rmin (kpc) 7.0 ±  0.1 7.2 ±  0.1 7.9 ±  0.1
Zmax (kpc) 0.13 ±  0.02 0.20 ±  0.03 0.47 ±  0.14
a  (kpc) 8.4 ±  0.2 9.4 ±  0.4 14.1 ±  2.2
e 0.16 ±  0.02 0.24 ±  0.03 0.42 ±  0.07
vpec,min (km s 1) 21.9 ±  5.1 38.9 ±  6.4 82.4 ±  7.4
Vpec,max (km S 1) 56.5 ±  4.9 78.8 ±  5.7 134.3 ±  10.3
T a b le  3. Derived param eters of th e  G alactocentric  o rb it, av­
eraged over th e  ensemble of m odels for th e  G alactic po tential. 
T he param eters a re  th e  m axim um  and m inim um  distances from 
th e  G alactic C entre m easured in th e  p lane (rmax and rmin), the  
m axim um  distance reached above or below th e  plane (zmax), the  
sem i-m ajor axis a, th e  o rb ita l eccentricity e (bo th  calculated  in 
th e  plane), and th e  m inim um  and m axim um  peculiar velocity 
(vpec,min and Vpec,max respectively). U ncertain ties are  th e  scat­
te r  due to  bo th  th e  errors on th e  m easured velocities and th e  
differing m odels for th e  G alactic Potential.
la te d  to  th e  o rb i ta l  p e r io d  im m e d ia te ly  a f te r  th e  su p e rn o v a  
h a s  o c c u rre d  by  Pre-circ =  Ppost-SN (1 -  e p o s t-sN )3 /2 . R e ­
c irc u la r iz a tio n  o c cu rs  b e fo re  th e  s t a r t  o f m ass  tra n s fe r  fro m  
th e  se c o n d a ry  to  th e  b lac k  ho le, d u e  to  th e  s tro n g  t id a l  fo rces 
p re se n t on ce  th e  se c o n d a ry  h a s  evo lved  a n d  e x p a n d e d  suffi­
c ie n tly  to  com e close to  filling i ts  R o ch e  L obe.
D u rin g  i ts  X -ra y  b in a ry  p h a se , th e  sy s te m  u n d e rg o es  
m ass  t ra n s fe r  fro m  th e  d o n o r  s ta r  to  th e  b lac k  ho le, in c re a s ­
in g  th e  b lac k  h o le  m ass  a n d  o rb i ta l  p e r io d  a n d  re d u c in g  th e  
d o n o r  m ass. In  th e  case  o f  c o n se rv a tiv e  m ass  t ra n s fe r , a n g u ­
la r  m o m e n tu m  c o n se rv a tio n  a n d  K e p le r ’s T h ird  L aw  im p ly  
t h a t  th e se  p a ra m e te rs  evo lve as
P  x  (M b h w ) (5)
W h ile  we h av e  no  e x a c t c o n s tra in t  o n  how  long  ago m ass 
t ra n s fe r  b e g a n , we c a n  use  th e  c u r re n t  o rb i ta l  p e rio d  
a n d  c o m p o n e n t m asses (S h a h b a z  e t  al. 1994) to g e th e r  w ith  
E q u a t io n  5 to  fin d  th e  sy s te m  p a ra m e te rs  a t  a n y  p o in t  in  
th e  p a s t ,  a n d  th e  im p lied  m a x im u m  e je c te d  m ass  a n d  recoil 
v e lo c ity  o f a  su p e rn o v a  w h ich  w ould  h av e  c re a te d  a  sy s te m  
w ith  th o se  p a ra m e te rs  (from  E q u a t io n  4 ) . T h is  is sh o w n  in  
F ig . 6 for th re e  p o ss ib le  c u r re n t  co n fig u ra tio n s  o f d o n o r  an d  
a c c re to r  m ass.
A s m ass  is t r a n s fe r re d  fro m  d o n o r  to  a c c re to r , th e  o r­
b i ta l  p e r io d  in c re ases  (E q u a tio n  5 ) . T h u s  for a  la rg e r t r a n s ­
fe rre d  m ass, M trans, (a  sm a lle r  in it ia l  b lac k  ho le  m ass  an d  
a  less re c e n t o n se t o f m ass  t ra n s fe r )  th e  o rb i ta l  p e r io d  a t  
th e  o n se t o f  m ass  tra n s fe r  is sm alle r. T h e  p re -s u p e rn o v a  o r­
b i ta l  p e r io d , w h ich  is sm a lle r  d u e  to  th e  m ass  loss in  th e  
ex p lo s io n  (m id d le  lin e  in  th e  to p  left h a n d  p a n e l o f F ig . 6 ) , 
c a n n o t  b e  so sh o r t  t h a t  e ith e r  th e  b lac k  h o le  p ro g e n ito r  o r 
i ts  c o m p a n io n  fills i ts  R o ch e  lob e , s e t t in g  a  m in im u m  p o s­
sib le  p re -s u p e rn o v a  o rb i ta l  p e r io d  (low er line  in  th e  to p  left 
h a n d  p a n e l o f F ig . 6 ) . F o r sm a ll v a lu es o f M trans, th e  m a x ­
im u m  m ass  lo s t in  th e  su p e rn o v a  is e q u a l to  h a lf  th e  to ta l  
sy s te m  m ass, a n d  th e  m a x im u m  k ick  v e lo c ity  vmax in creases 
v ia  E q u a t io n  4 b e ca u se  b o th  th e  p o s t-su p e rn o v a  d o n o r  m ass 
in c reases  a n d  th e  p o s t-su p e rn o v a  p e r io d  d ec reases  w ith  in ­
c rea s in g  M trans. W h e re  th e  p e r io d  c o n s tra in t  b eco m es im ­
p o r ta n t ,  th e  m a x im u m  m ass  lo s t in  th e  su p e rn o v a  decreases , 
b e in g  se t b y  th e  s h o r te s t  allow ed p re -s u p e rn o v a  o rb i ta l  pe-
3
v
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F ig u r e  5. V ariation in G alactocentric  rad ia l velocity vrad , circu­
lar velocity vcirc , perpendicu lar velocity vz , and peculiar velocity 
Vpec, as a  function of tim e while in tegrating  th e  o rb it backwards 
over th e  last Gyr, using th e  p o ten tia l of Johnston  e t al. (1995). 
Solid, d o tted  and dashed lines a re  for source distances of 4.0, 
2.8 and 6.0 kpc respectively. T he grey lines show th e  uncertain ty  
arising from  th e  error bars on th e  m easured space velocities, for 
a  d istance of 4.0 kpc. T he peculiar velocity varies as a  function of 
tim e.
F ig u r e  6. E volution of th e  post-supernova b inary  orb ita l pe­
riod (top  panels), m axim um  possible m ass ejected in th e  super­
nova (m iddle panels), and m axim um  possible velocity kick (lower 
panels), as a  function of to ta l m ass transferred  since th e  super­
nova from  th e  secondary to  th e  black hole. L eft-hand panels are 
all for th e  case of conservative m ass transfer, for curren t com­
ponent masses of (M b h ,™) =  (12, 0.7) M q . T he to p  left plot 
shows th e  post-supernova orb ita l period (thick solid line), th e  p re­
supernova orb ita l period (m iddle line) and th e  m inim um  p e rm it­
ted  pre-supernova orb ita l period  in which neither th e  helium  sta r 
progenitor nor th e  m ain sequence com panion fills its Roche lobe 
(bo ttom  line). T he righ t-hand  panels show th e  situation  for con­
servative m ass tran sfer using different curren t com ponent masses, 
and one case of non-conservative m ass transfer. Thick solid lines 
are  for curren t com ponent masses of (M b h ,™) =  (12, 0.7) M q , 
th in  solid lines are for (10, 1) M q  and  grey lines are for (14, 0.5) 
M q , assum ing conservative m ass tran sfer in all cases. Dashed 
lines indicate non-conservative m ass tran sfer for th e  (10, 1) M q 
case, w ith ten  per cent of th e  m ass transferred  being lost from 
th e  system .
rio d . T h e  d e c re as in g  m ass  loss in  th e  e x p lo s io n  th e n  offsets 
th e  in c re as in g  p o s t-su p e rn o v a  d o n o r  m ass, a n d  th e  m a x ­
im u m  p o ss ib le  k ick  v e lo c ity  d ec re a ses  as M trans in creases 
fu r th e r .
E q u a tio n  5 is v a lid  o n ly  fo r th e  case  o f  c o n se rv a tiv e  m ass 
tra n s fe r . H ow ever, th e re  a re  s tro n g  in d ic a tio n s  t h a t  th is  a s­
su m p tio n  is n o t  v a lid  for V 404  C yg. A t th e  v e ry  lea s t, th e  
ra d io  o u tb u r s ts  (e.g. H a n  & H je llm in g  1992) su g g est t h a t  
m a te r ia l  is b e in g  lo s t to  je t  ou tflow s. P o d s ia d lo w sk i e t  al.
(2003) c a lc u la te d  b in a ry  e v o lu tio n  tra c k s  for a  10M © b lack  
ho le  in  o rb it  w ith  d o n o rs  o f m ass  2 -17M ©  (for th e re  to  
hav e  b e e n  a n y  sy m m e tr ic  k ick , F ig . 6 show s t h a t  th e  t r a n s ­
fe rred  m ass  m u s t b e  <  2 .5 M © , im p ly in g  t h a t  th e  in it ia l  sec­
o n d a ry  m u s t h av e  b e e n  less m assiv e  t h a n  ~  3 .5M © ), som e 
o f w h ich  th e y  fo u n d  c o u ld  re p ro d u c e  th e  sy s te m  p a ra m e ­
te r s  o f V 404  C yg e x tre m e ly  well. T h e y  to o k  in to  a cc o u n t 
n o n -c o n se rv a tiv e  m ass  t ra n s fe r , w h e reb y  m ass  t ra n s fe r re d  
in  excess o f th e  E d d in g to n  r a te  is lo st fro m  th e  sy s te m . A 
c o m p a riso n  w ith  th e  e q u a tio n s  fo r c o n se rv a tiv e  m ass  t r a n s ­
fer su g g e ste d  th a t  th e  o rb i ta l  p e r io d  in c re ases  m o re  slow ly 
in  th e  n o n -c o n se rv a tiv e  case, b y  a  fa c to r  o f a t  m o s t 2. A s a n  
e x am p le  o f ho w  th is  co u ld  affect th e  m a x im u m  B laa u w  k ick  
veloc ity , th e  d a sh e d  lines in  F ig . 6 a re  fo r th e  c u r re n t  case  o f 
a  10M © a c c re to r  w ith  a  1M© d o n o r , w ith  10 p e r  c en t o f  th e  
tra n s fe r re d  m ass  b e in g  lo st fro m  th e  sy s te m  a n d  th e  o rb ita l  
p e r io d  in c re a s in g  a  fa c to r  2 m o re  slow ly th a n  p re d ic te d  by  
E q u a t io n  5.
O u r  c a lc u la tio n s  show  t h a t  for V 404  C yg , i t  is ju s t  p o s­
sib le  to  ach ieve  a  k ick  o f 6 4 k m s -1  u s in g  o n ly  sy m m etr ic  
m ass  loss in  th e  su p e rn o v a  (a  B laa u w  k ick ). I f  th e  e x p lo ­
sio n  o c c u rre d  a t  a  p o in t in  th e  G a la c to c e n tr ic  o rb it  w h ere
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th e  p e c u lia r  v e lo c ity  w as m in im iz e d  (F ig . 5 ) , th is  c o u ld  b e  
su ffic ien t to  e x p la in  th e  o b se rv ed  p e c u lia r  veloc ity , p a r t ic u ­
la r ly  if  th e  sy s te m  is to w a rd s  th e  low er en d  o f th e  p o ss ib le  
ra n g e  o f d is tan c es . H ow ever, to  ach ieve  su c h  a  la rg e  k ick  re ­
q u ire s  f in e - tu n in g  th e  p a ra m e te rs ,  to  give a  re la tiv e ly  low 
in it ia l  b lac k  h o le  m ass  (c loser to  9 .2M q  t h a n  th e  b e s t  f it­
t in g  v a lu e  o f 12M q ) a n d  a n  e je c tio n  o f ~  11M q  d u r in g  
th e  su p e rn o v a . S u ch  a  la rg e  m ass  loss, in  c o m b in a tio n  w ith  
th e  sy s te m  p a ra m e te rs  (a  ~  9M q  b lack  h o le  w ith  a  low- 
m ass d o n o r) , do  n o t  m ak e  th is  sc e n ario  v e ry  p lau s ib le  (see, 
e.g ., F ry e r  & K a lo g e ra  20 0 1 , for th e o re tic a l  e s t im a te s  o f th e  
a m o u n t o f m ass  e je c te d  in  a  su p e rn o v a  as a  fu n c tio n  o f p ro ­
g e n ito r  m ass; to  fo rm  a  9M q  b lac k  ho le  re q u ire s  a  p ro g e n ito r  
o f 2 5 -3 0  M q  , in  w h ich  case  th e  m ass  e je c te d  in  th e  s u p e r ­
n ova  is e x p e c te d  to  b e  <  3M q  ). W e fin d  it  u n lik e ly  t h a t  
a  sy m m e tr ic  k ick  a lo n e  is su ffic ien t to  e x p la in  th e  o b se rv ed  
p e c u lia r  velocity .
5 .2  V e lo c ity  d is p e r s io n  in  th e  d isc
T h e  d o n o r  s ta r  in  V 404  C yg is a  K 0  su b g ia n t 
(C a sa re s  & C h a rle s  1994) o f m ass  0 .7 -0  ' 2M© 
(S h a h b a z  e t  al. 1994). K in g  (1993) d e m o n s tra te d  th a t  
th e  sy s te m  is a  s t r ip p e d  g ia n t,  w h ich  evo lves o n  th e  
n u c le a r  tim e sc a le  o f  th e  d o n o r  s ta r ,  w h ich  is in  th e  ra n g e  
0 .4 -0 .8  G y r. T h u s  th e  se c o n d a ry  w as in itia lly  s ig n ifican tly  
m o re  m assiv e , a n d  h a s  tra n s fe r re d  m ass  to  th e  b lac k  hole. 
F ro m  F ig . 6 , th e  d o n o r  s t a r  is u n lik e ly  to  h av e  t ra n s fe r re d  
m o re  th a n  2.5M ©  to  th e  b lac k  ho le  d u r in g  th e  m ass  tra n s fe r  
p h ase , im p ly in g  a n  in it ia l  d o n o r  m ass  o f <  3 .5 M © . T h e  
e v o lu tio n a ry  tra c k s  o f P o d s ia d lo w sk i e t  al. (2003) sh o w  th a t  
su ch  a  sy s te m  w o u ld  ta k e  o f o rd e r  0 .7 -0 .8  G y r to  evolve 
to  a n  o rb i ta l  p e r io d  o f 6.5 d , in  a g re e m e n t w ith  th e  ra n g e  
g iven  by  K in g  (1993). In  0 .8 G y r, th e  sy s te m  h a s  m ad e
3 .5 -5  o rb its  in  th e  p o te n t ia l  o f th e  G a la x y  (d e p e n d in g  on  
th e  m o d e l u sed  for th e  G a la c tic  p o te n tia l;  see S e c tio n  4 ) , 
so co u ld  w ell h av e  rece iv ed  som e c o m p o n e n t o f p e c u lia r  
v e lo c ity  in  th e  G a la c tic  p la n e  ow ing  to  n o n -a x isy m m e tr ic  
forces su ch  as s c a tte r in g  fro m  th e  p o te n tia ls  o f sp ira l  a rm s  
o r in te r s te lla r  c lo u d  co m p lex es (W ie len  1977). H ow ever, 
e s t im a te s  o f  th e  v e lo c ity  d isp e rs io n  o f th e  th in  d isk  p o p u ­
la tio n  (D e h n en  & B in n ey  1998; M ig n a rd  2000) show  th a t  
for F 0 - F 5  s ta r s  (w ith  in itia l  m asses c o m p a ra b le  to  t h a t  
e s t im a te d  for th e  d o n o r  s ta r  in  V 404  C y g  p r io r  to  th e  o n se t 
o f m ass  tra n s fe r ) ,  i t  is o f  o rd e r  2 8 k m s - 1 .
M ig n a rd  (2000) f i t te d  th e  S u n ’s p e c u lia r  m o tio n  a n d  
th e  d iffe re n tia l v e lo c ity  field  c au sed  b y  th e  G a la c tic  r o ta ­
t io n  to  th e  p a ra lla x e s  a n d  p ro p e r  m o tio n s  m e a su re d  b y  H ip- 
p a rco s. E x a m in in g  th e  fit re s id u a ls  show ed  th e  p e c u lia r  v e ­
lo c itie s  to  follow  a  th re e -d im e n s io n a l G a u ss ia n  d is tr ib u tio n , 
w ith  th e  p re d ic te d  s c a t te r  in  th e  v e lo c ity  in  G a la c tic  lo n ­
g itu d e  b e in g  g iv en  by  (0 .7  <  u 2 > ) 1 /2 , w h e re  <  u 2 >  is 
th e  v e lo c ity  d isp e rs io n  in  th e  ra d ia l  d ire c tio n , d e te rm in e d  as 
<  u 2 > 1/2 =  2 2 .5 ± 0.3 k m s -1  fo r F 0 -F 5  s ta rs . T h e  m e a su re d  
p e c u lia r  v e lo c ity  o f  V 404  C y g  in  th e  lo n g itu d in a l  d ire c tio n  
is - 6 4 .0 - 3 ?  ' 7 k m s - 1 , im p ly in g  a  p ro b a b il i ty  o f  7 x  10- 4  of 
b e in g  c au sed  by  G a la c tic  v e lo c ity  d iffu sio n  if  th e  so u rce  is 
a t  4 k p c , a n d  o n ly  1.6 x  10-2  ev en  if  th e  so u rce  is a t  2.8 k pc . 
T h u s  th is  m ec h an ism  is u n lik e ly  to  a c c o u n t for th e  o b se rv ed  
a n d  in fe rre d  ra n g e  o f p e c u lia r  ve loc ities .
5 .3  A n  a sy m m e tr ic  su p e r n o v a  kick?
I f  n e ith e r  th e  effec ts o f  s te lla r  d iffu sio n  n o r  a  sy m m etr ic  
k ick  c a n  e x p la in  th e  o b se rv ed  p e c u lia r  veloc ity , i t  co u ld  in ­
s te a d  b e  th e  effect o f  a n  a sy m m e tr ic  k ick  d u r in g  th e  s u p e r ­
nova. T h e  sm a lle r  d isp e rs io n  in  z -d is ta n c e  (d is ta n c e  above 
o r b e low  th e  G a la c tic  p lan e )  o f b lac k  h o le  X -ra y  b in a r ie s  
w h en  c o m p a re d  to  n e u tro n  s ta r  sy s te m s  h a d  b e e n  in te r ­
p re te d  as e v id en ce  fo r sm a lle r  k ick s w h e n  fo rm in g  b lac k  ho les 
(W h ite  & v a n  P a ra d ijs  1996). H ow ever, Jo n k e r  & N e lem an s
(2004), u s in g  a  la rg e r sa m p le  a n d  rev ised  d is ta n c e  e s tim a te s  
for th e  sou rces , fo u n d  n o  e v id en ce  fo r su ch  a  d isc rep an cy , 
su g g e stin g  th a t  b lack  h o les c a n  rece ive  n a ta l  k icks co m ­
p a ra b le  w ith  th o se  seen  in  n e u tro n  s ta r  sy s tem s. R e ce n t 
an a ly s is  o f th e  sp a c e  v e lo c ities  o f th e  b lac k  h o le  X -ra y  b i­
n a rie s  X T E  J  1 1 1 8 + 4 8 0  (G u a la n d r is  e t  al. 2005) a n d  G R O  
J 1655-40 (W illem s e t al. 2005) fo u n d  e v id en ce  for a sy m m e t­
ric  k icks in  th e s e  tw o  sy s te m s , w ith  su c h  a  k ick  b e in g  m a n ­
d a te d  in  th e  case  o f  X T E  J  1 1 1 8 + 4 8 0  (F rag o s e t  al. 2007).
A n  a sy m m e tr ic  k ick  is n o t  c o n s tra in e d  to  lie in  th e  o r­
b i ta l  p la n e , as in  th e  case  o f  a  B laa u w  kick. W h ile  th e  in ­
c lin a tio n  an g le  o f th e  sy s te m  to  th e  lin e  o f  s ig h t is well- 
c o n s tra in e d  to  b e  56° ±  4° (S h a h b a z  e t  al. 1994), th e  long i­
tu d e  o f th e  a sc en d in g  n o d e , fi, w ith  re sp e c t  to  th e  sk y  p lan e  
is n o t  k n o w n , so we c a n n o t d e te rm in e  th e  a b so lu te  o r ie n ta ­
t io n  o f th e  b in a ry  o rb i ta l  p lan e . H ow ever, for a  g iv en  v a lu e  o f 
fi, we c a n  d e te rm in e  th e  o r ie n ta t io n  o f th e  o rb i ta l  p la n e  w ith  
re sp e c t to  th e  G a lac tic  ax es x , y  a n d  z  (c o rre sp o n d in g  to  th e  
v e lo c ity  c o m p o n e n ts  U , V  a n d  W ). W e a ssu m e  t h a t  th e  o ri­
e n ta t io n  o f th e  o rb i ta l  p la n e  d o es n o t  ch an g e  w ith  t im e . F o r 
an y  p o in t  d u r in g  i ts  G a la c to c e n tr ic  o rb it ,  w e c a n  u se  th e  
p o s itio n s  a n d  v e lo c ities  c o m p u te d  in  S e c tio n  4 to  c a lc u la te  
th e  c o m p o n e n t o f th e  p e c u lia r  m o tio n  p e rp e n d ic u la r  to  th e  
o rb i ta l  p lan e , v x , w h ich  p ro v id es  a  low er lim it  to  th e  a sy m ­
m e tr ic  k ick  v e lo c ity  sh o u ld  th e  su p e rn o v a  h av e  o c c u rre d  a t  
t h a t  p o in t in  t im e . A ssu m in g  all v a lu es 0 <  f i  <  2 n  a re  
e q u a lly  likely, we c a n  r u n  M o n te  C a rlo  s im u la tio n s  to  find  
th e  p ro b a b il i ty  t h a t  th e  c o m p o n e n t o f  th e  p e c u lia r  v e lo c ity  
p e rp e n d ic u la r  to  th e  o rb i ta l  p la n e  is e q u a l to  o r less th a n  
w ou ld  b e  e x p e c te d  fo r th e  p ro g e n ito r  from  th e  ty p ic a l  v e ­
lo c ity  d isp e rs io n  o f m assiv e  s ta r s  ( ta k e n  as 1 0 k m s -1  in  one 
c o m p o n e n t; see M ig n a rd  2000). F ig . 7 show s th e  p ro b a b ili ty  
t h a t  v x  is less th a n  1 0 k m s -1  fo r th e  m e a n  a n d  e x tre m e  v a l­
u es  o f th e  d is ta n c e , as a  fu n c tio n  o f t im e . T h e  p ro b a b il i ty  is 
low, o f  o rd e r  1 0 -2 0  p e r  c e n t, w ith  l i t t le  v a r ia tio n  in  th e  m e a n  
p ro b a b il i ty  as a  fu n c tio n  o f so u rce  d is ta n c e . I t  is th e re fo re  
u n lik e ly  (a lth o u g h  p o ss ib le , e x c e p t for c e r ta in  sh o r t  p e r io d s  
o f  tim e ) t h a t  th e  m e a su re d  p e c u lia r  v e lo c ity  p e rp e n d ic u la r  
to  th e  b in a ry  o rb i ta l  p la n e  c a n  b e  a t t r ib u te d  to  th e  veloc­
i ty  d isp e rs io n  o f th e  sy s te m  p r io r  to  th e  su p e rn o v a . S ince 
a  sy m m e tr ic  k ick  c a n n o t give rise  to  v e lo c ity  o u t  o f th e  o r­
b i ta l  p la n e , i t  is p ro b a b le  t h a t  th e re  w as a n  a sy m m e tr ic  k ick  
d u r in g  th e  fo rm a tio n  o f th e  b lac k  hole.
6 D IS C U S S IO N
I t  a p p e a rs  t h a t  a  su p e rn o v a  is re q u ire d  to  e x p la in  th e  p e c u ­
lia r  v e lo c ity  o f  V 404  C yg. T h u s  th e  b lac k  h o le  in  th is  sy s te m  
d id  n o t  fo rm  v ia  d ire c t co llapse . F ro m  th e  ra n g e  o f p e c u lia r  
v e lo c ities  in fe rre d  d u r in g  th e  G a la c to c e n tr ic  o rb i t  o f th e  sy s­
te m , a  sy m m e tr ic  su p e rn o v a  k ick  co u ld  ju s t  b e  suffic ien t to
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F ig u r e  7. P robability  th a t  th e  com ponent of th e  peculiar veloc­
ity  perpendicu lar to  th e  o rb ita l plane is less th a n  10k m s - 1 . We 
assum ed a uniform  probab ility  for th e  longitude of th e  ascend­
ing node, for angles in th e  range 0 <  Q <  2n, and derived the  
p robabilities for th e  best-fitting  d istance (4 .0 kpc; solid line), and 
th e  upper (6.0 kpc; d o tted  line) and lower (2.8 kpc; dashed line) 
lim its to  th e  distance. A low p robability  implies th a t  it is likely 
th a t  th e  velocity perpendicu lar to  th e  o rb ita l plane is high, so th e  
system  has received an  asym m etric  kick a t form ation.
e x p la in  th e  o b se rv a tio n s  if  th e  so u rce  is a t  th e  low er e n d  of 
th e  allow ed ra n g e  o f d is tan c es . H ow ever, th e  m ass  loss re ­
q u ire d , as w ell as th e  c o m p o n e n t o f p e c u lia r  v e lo c ity  in fe rre d  
to  lie p e rp e n d ic u la r  to  th e  o rb i ta l  p lan e , m ak e  i t  likely  t h a t  
th e  sy s te m  w as su b je c t  to  a n  a sy m m e tr ic  k ick  d u r in g  b lack  
ho le  fo rm a tio n .
T h e  fu ll th re e -d im e n s io n a l sp a c e  v e lo c ities  h av e  b e en  
m e a su re d  fo r a  h a n d fu l  o f o th e r  b lac k  h o le  sy s tem s. 
X T E  J  1 1 1 8 + 4 8 0  (M ira b e l e t  al. 2001) a n d  G R O  J 1655- 
40  (M ira b e l e t  al. 2002) a re  b o th  in  h ig h ly  eccen tric  o r­
b i ts  a ro u n d  th e  G a la c tic  C e n tre . A n  a sy m m e tr ic  n a ­
t a l  k ick  is re q u ire d  fo r X T E  J 1 1 1 8 + 4 8 0  (F rag o s e t  al.
200 7 ), a n d  b e liev ed  to  h av e  b e e n  likely  in  G R O  J  1655-40 
(W illem s e t  al. 2005). T h e  h ig h -m a ss  X -ra y  b in a ry  C y g n u s 
X -1 (M ira b e l & R o d rig u e s  2 0 0 3 a) is m o v in g  a t  o n ly  9 ±  
2 k m  s -1  w ith  re sp e c t to  i ts  p a re n t  a s so c ia tio n  C y g  O B 3, im ­
p ly in g  t h a t  <  1M© w as e je c te d  in  th e  n a ta l  su p e rn o v a , an d  
t h a t  th e  b lac k  h o le  fo rm ed  b y  d ire c t co llapse . G R S  1 915+ 105  
o n  th e  o th e r  h a n d , h a s  b e e n  in fe rre d  to  h av e  a n  o rb it  a n d  
p e c u lia r  v e lo c ity  (D h a w a n  e t al. 2007) fa irly  s im ila r  to  t h a t  
o f  V 404  C yg. D h a w a n  e t al. (2007), u s in g  a  G a lac to c e n - 
tr ic  d is ta n c e  o f R 0 =  8.5 k p c  a n d  a  c irc u la r  v e lo c ity  of 
©o =  220 k m  s -1  for th e  L S R , fo u n d  t h a t  a  sy m m e tr ic  s u ­
p e rn o v a  k ick  a n d  s te lla r  d iffu sio n  w ere  in su ffic ien t to  e x p la in  
th e  p e c u lia r  v e lo c ity  u n less  th e  so u rce  w as lo c a te d  a t  9­
10 k p c , w h e re  th e  p e c u lia r  v e lo c ity  is m in im ized . H ow ever, 
u s in g  th e  v a lu es o f R 0 =  8 .0 k p c  a n d  © 0 =  2 3 6 k m s -1  a s­
su m e d  in  th is  p a p e r  g ives a  m in im u m  p e c u lia r  v e lo c ity  o f 
2 3 k m s -1  fo r a  so u rce  d is ta n c e  o f 1 0 k p c , w h ich  co u ld  th e n  
in  p r in c ip le  b e  e x p la in ed  by  a  sy m m e tr ic  su p e rn o v a  e x p lo ­
s io n  o r s te lla r  d iffusion . W h ile  a  d is ta n c e  a t  th e  low er en d  
o f  th e  allow ed ra n g e  w ou ld  give a  h ig h e r  v a lu e  for th e  c u r ­
r e n t  p e c u lia r  veloc ity , th e  p e c u lia r  v e lo c ity  w o u ld  s ti ll  b e  
su ffic ien tly  low  a t  c e r ta in  p o in ts  in  th e  G a la c to c e n tr ic  o rb it  
fo r a n  a sy m m e tr ic  k ick  n o t  to  b e  re q u ire d . H ow ever, if  th e  
so u rce  is a t  th e  u p p e r  e n d  o f th e  p o ss ib le  d is ta n c e  ra n g e  
(>  1 2 k p c ) , th e  p e c u lia r  v e lo c ity  is h ig h  e n o u g h  th r o u g h ­
o u t  th e  o rb i t  t h a t  a n  a sy m m e tr ic  k ick  b eco m es necessary .
W ith o u t  k n o w in g  th e  so u rce  d is ta n c e , we c a n n o t d e fin itiv e ly  
d e te rm in e  i ts  fo rm a tio n  m ec h an ism . W e a lso  n o te  t h a t  th e  
m o m e n tu m  im p a r te d  b y  a  k ick  o f 2 3 k m s -1  to  su c h  a  14M© 
b lac k  ho le  (G re in e r  e t  al. 2001) is s im ila r  to  t h a t  g a in e d  by  
a  n e u tro n  s ta r  rece iv in g  a  k ick  o f a  few  h u n d re d  k m  s -1  
(e.g. L y n e  & L o rim e r 1994; H a n se n  & P h in n e y  1997), so ow­
in g  to  i ts  la rg e  m ass, e v en  su ch  a  low  p e c u lia r  v e lo c ity  for 
G R S  19 1 5 + 1 0 5  w o u ld  n o t  n ecessa rily  ru le  o u t  a  n a ta l  kick.
F o r V 404  C yg , th e  d e riv e d  c o m p o n e n ts  o f  th e  sy s te m  v e­
lo c ity  in  th e  G a la c tic  p lan e , U  a n d  V , a re  m u ch  la rg e r  th a n  
W , th e  v e lo c ity  o u t  o f th e  p la n e  (T ab le  2 ) . W h ile  th is  is to  
b e  e x p e c te d  since  th e  G a la c tic  r o ta t io n  o f 236 k m  s -1  fo rm s 
a  c o m p o n e n t o f b o th  U  a n d  V , b u t  n o t  W , a c c o u n tin g  for 
th e  G a la c tic  r o ta t io n  (g iv ing  th e  U -  <  U  >  a n d  V -  <  V  >  
te rm s  in  T ab le  2) d o es n o t  rem o v e  th is  d isc re p a n c y  b e tw ee n  
th e  c o m p o n e n ts  o f th e  p e c u lia r  v e lo c ity  in  a n d  o u t  o f  th e  
p lan e . A  sim ila r  d isc re p a n c y  is o b se rv ed  for th e  o th e r  fo u r 
b lack  h o le  sy s te m s  w ith  m e a su re d  th re e -d im e n s io n a l sp ace  
v e lo c ities  (M ira b e l e t  al. 2 0 0 1 , 200 2 ; M ira b e l & R o d rig u es  
2 0 0 3 a ; D h a w a n  e t al. 2007), ev en  a c c o u n tin g  for th e  ran g es 
o f  v a lu es a llow ed  by  th e  u n c e r ta in t ie s  in  th e  sy s te m  p a ra m ­
e te rs . H ow ever, as sh o w n  in  F ig . 5 , th e  v e lo c ity  c o m p o n e n ts  
ch an g e  w ith  tim e , so we re c o n s tru c te d  th e  G a la c to c e n tr ic  o r ­
b i ts  o f  a ll five sou rces. T h is  show ed  t h a t  th e  W  c o m p o n e n t o f 
v e lo c ity  c a n  b e  s ig n ifican tly  g re a te r  t h a n  th e  p e c u lia r  v e lo c ­
ity  in  th e  p la n e  fo r X T E  J  11 1 8 + 4 8 0 , a n d  c a n  b e  o f a  s im ila r 
m a g n itu d e  to  th e  c o m p o n e n t in  th e  p la n e  a t  c e r ta in  p o in ts  
in  th e  o rb i ts  o f  C y g n u s  X -1 a n d  G R S  1 9 15+ 105 . W ith  on ly  
five sy s te m s, w e a re  d e a lin g  w ith  sm a ll n u m b e r  s ta tis t ic s ,  
b u t  th e se  re su lts  a re  c o n s is te n t w ith  th e re  b e in g  n o  p re fe rre d  
o r ie n ta t io n  o f  th e  p e c u lia r  v e lo c ity  re la tiv e  to  th e  G a lac tic  
p lan e . In d e e d , co n sid e rin g  th e  k n o w n  p o p u la t io n  o f b lack  
ho le  X -ra y  b in a r ie s , in c lu d in g  th o se  w ith  n o  m e a su re d  sp ace  
velocity , th e  d is t r ib u t io n  in  z  (Jo n k e r  & N e lem an s 2004) 
d e m o n s tra te s  t h a t  a  n u m b e r  o f  sy s te m s  m u s t  h av e  a  sig­
n if ic an t W  v e lo c ity  a t  c e r ta in  p o in ts  in  th e ir  o rb its ,  in  o rd e r 
to  re a c h  th e  d is ta n c e s  o f sev e ra l h u n d re d  p a rsec s  ab o v e  or 
be low  th e  p la n e  a t  w h ich  th e y  a re  c u r re n tly  o b se rv ed . T h u s  
th e re  is n o  o b se rv a tio n a l ev id en ce  to  su g g est t h a t  th e  n a ta l  
k ick  d is t r ib u t io n  sh o u ld  n o t  b e  iso tro p ic .
T h u s  th e  tw o  sy s te m s  w ith  th e  low est b lac k  ho le  m asses, 
X T E  J  1 1 1 8 + 4 8 0  a n d  G R O  J  1655-40 (b o th  o f o rd e r  6 -7  M© 
O rosz  200 3 ), a re  fo u n d  to  h av e  re q u ire d  a sy m m e tr ic  k icks 
d u r in g  th e  fo rm a tio n  o f th e  b lac k  hole. F o r th e  h ig h e r-m ass  
sy s te m s , th e  s i tu a t io n  is less c le a r-c u t. C y g n u s  X -1 , V 404 
C y g  a n d  G R S  19 1 5 + 1 0 5  a ll h av e  m asse s o f >  10M © . W h ile  
C y g n u s  X -1 a p p e a rs  to  h av e  fo rm ed  by  d ire c t co llap se , th e  
p e c u lia r  v e lo c ity  o f V 404  C y g  im p lies  t h a t  a  su p e rn o v a  m u s t 
h av e  o c c u rre d , a n d  a n  a sy m m e tr ic  k ick  seem s likely  to  h av e  
b e e n  re q u ire d  in  th is  sy s te m , c o n tra ry  to  a s se r tio n s  t h a t  
b lac k  h o les o f 10M © fo rm  b y  d ire c t co llap se  (e.g. M ira b e l
2008). F o r G R S  19 1 5 + 1 0 5 , we c a n n o t  d e fin itiv e ly  d e te rm in e  
i ts  fo rm a tio n  m ec h an ism  w ith o u t  a n  a c c u ra te  d is ta n c e  to  th e  
sou rce . R e g a rd le s s , w ith  o n ly  five sy s te m s , n o  c le a r  t r e n d s  
w ith  b lac k  ho le  m ass  c a n  b e  id en tified . In  o rd e r  to  b e t te r  
c o n s tra in  th e  fo rm a tio n  m ec h an ism s o f s te lla r-m a ss  b lack  
ho les, th e  sp a c e  v e lo c ities  o f  m o re  su c h  sy s te m s  w ith  a  ra n g e  
o f  b lac k  h o le  m asse s n eed  to  b e  m e a su re d , to  c o n s tra in  th e  
freq u e n c y  o f o c cu rre n ce  o f n a ta l  k icks, a n d  h en ce  su p e rn o v a  
exp losions.
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7 C O N C L U S IO N S
W e h av e  m e a su re d  th e  p ro p e r  m o tio n  o f V 404  C y g  u sin g  
20 y e a rs ’ w o r th  o f  V L A  a n d  V L B I ra d io  o b se rv a tio n s . T o­
g e th e r  w ith  th e  ra d ia l  v e lo c ity  a n d  c o n s tra in ts  o n  th e  d is ­
ta n c e  o f th e  sy s te m , th is  t r a n s la te s  to  a  p e c u lia r  m o tio n  of 
64.1 ±  3.7+16 ' 6 k m s - 1 . G iv en  th e  m e a su re d  p ro p e r  m o tio n , 
th e  b lac k  h o le  c a n n o t h av e  b e e n  fo rm ed  v ia  d ire c t co llapse. 
A  su p e rn o v a  is re q u ire d  to  ach iev e  th e  o b se rv ed  p e c u lia r  v e ­
locity , w ith  e ith e r  a  la rg e  a m o u n t o f m ass  ( ~  11M © ) b e in g  
lo s t in  th e  ex p lo s io n , o r, m o re  p ro b a b ly , th e  sy s te m  b e in g  
s u b je c t  to  a n  a sy m m e tr ic  kick. In  th e  case  o f a  p u re  B laa u w  
k ick , ~  1M© m u s t h av e  b e e n  tra n s fe r re d  fro m  th e  d o n o r 
t o  th e  b lac k  ho le  s ince  th e  o n se t o f  m ass  t ra n s fe r , im p ly in g  
a n  in itia l  b lac k  ho le  m ass  o f ~  9M© w ith  a  d o n o r  m ass of 
~  2M © p r io r  to  th e  o n se t o f m ass tra n s fe r .
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